Galanin-like peptide (GALP) was discovered in 1999 in the porcine hypothalamus and was found to be a 60 amino-acid neuropeptide. GALP shares sequence homology to galanin (1-13) in position 9-21 and can bind to, as well as activate, the three galanin receptor subtypes (GalR1-3). GALP-expressing cells are limited, and are mainly found in the arcuate nucleus of the hypothalamus (ARC) and the posterior pituitary. GALP-positive neurons in the ARC project to several brain regions where they appear to make contact with multiple neuromodulators. These neuromodulators are involved in the regulation of energy homeostasis and reproduction, anatomical evidence that suggests a role for GALP in these physiological functions. In support of this idea, GALP gene expression is regulated by several factors that reflect metabolic state including the metabolic hormones leptin and insulin, thyroid hormones, and blood glucose.
vitro but by using a GTPγS binding assay, Ohtaki et al [65] demonstrated that GALP activated these receptors similarly to galanin, and it is now know that GALP also activates GalR3 [45] . In fact, GALP binds to and activates the GalR2 receptor with greater affinity than does galanin. Thus a peptide was discovered that bound to and activated galanin receptors in vitro. These exciting findings led researchers to investigate the genetic and structural relationships between galanin and GALP.
GALP and galanin share a 13 amino acid identity in their peptide sequence. The amino acids at position 9-21 of GALP are 100% similar to amino acids 1-13 of galanin. The first 13 amino acids in galanin's structure comprise the minimum sequence required to bind to galanin receptors [7] . Despite the partially shared sequence identity, galanin and GALP are encoded by separate genes that are typically located on separate chromosomes. In humans, the GALP gene is located on chromosome 19 (19q12.13) while the galanin gene is on chromosome 11 (11q13.3) . Although in rats both peptides' genes are located on chromosome 1, GALP and galanin are still encoded by two separate genes (1q12 and 1q42, respectively). The mature GALP peptide is cleaved from a precursor of 115-120 amino acids, the exact number depending on the species. Furthermore, the GALP peptide shows a high degree of sequence identity in mice, rats, macaques, pigs and humans [10, 23, 28, 65] .
Evolutionary Relationship Between GALP and Galanin
Alignment of the GALP peptide sequence in different species reveals that there are two highly conserved regions. The first is the previously mentioned region (amino acids [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] where the peptide has the potential to bind to galanin receptors. The second conserved region is unique to the GALP peptide and is between residues 38-54. Since the [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] sequence is distinctive to GALP alone, it is hypothesized to be a binding region for a putative GALP-specific receptor [65, 70] , although the identity of a GALP-specific receptor has remained elusive. However, clues to the presence of a GALP-specific receptor can be gleaned from the distribution of GALP in the central nervous system (CNS).
In order to more fully understand the evolutionary relationship between GALP and galanin, a molecular systematist (Dr. Timothy Evans, Grand Valley State University, Allendale, MI USA) was consulted to analyze the relationship between GALP and galanin genes. Nucleotide sequences were obtained from Genbank and aligned using ClustalW v. 2 [46] . Molecular phylogenies were constructed from each data set using PAUP* v. 4.10 [89] . Only species with complete nucleotide sequences for both GALP and galanin were utilized ( Figure 1A ). Sequences from Homo sapiens are excluded from the analyses. The exclusion of this species was decided upon due to the inability to obtain a quality sequence alignment. Poor sequence alignments with Homo sapiens were the result of considerable divergence in the gene sequences compared to the other species analyzed for both GALP and galanin. Because of the small sample size (six species), an exhaustive phylogenetic search was conducted, guaranteeing that the shortest evolutionary tree was found. A single most parsimonious tree was found for each data set (GALP and galanin; Figure 1B ), and the trees were identical in their topology. For the GALP data set, the tree was 600 evolutionary steps, with a consistency index (CI) of 0.97 and for the galanin data set it was 530 steps (CI=0.99). The high CI values for these analyses indicate a high confidence in the phylogenies based on the available data (i.e. there is low conflict among different nucleotides for support of these phylogenetic trees).
Analyses of the average sequence distance among the species for each gene set show that GALP has a significantly (p < 0.05) greater number of nucleotide substitutions among species than does galanin ( Figure 1C ). The greater number of nucleotide substitutions in GALP provides evidence for two possible evolutionary scenarios for GALP and galanin.
The first is that the GALP gene may pre-date the galanin gene in the evolution of these two systems, thereby having more time to accumulate nucleotide substitutions among the different animal lineages. The second is that the two genes are of the same "age," but GALP is undergoing a greater rate of evolutionary change than is galanin. However, comparison of a larger number of species (particularly for GALP) would be necessary to strengthen either hypothesis. Regardless, the possibility that GALP is an older gene may lend some understanding to the considerable distribution of galanin in the CNS and periphery compared to GALP's quite limited distribution.
Distribution of GALP

Expression of GALP mRNA and protein in the CNS
GALP was originally isolated from the porcine hypothalamus [65] . Subsequent studies have shown that the distribution of GALP in the CNS is restricted. Comparatively, galanin is more widespread within the brain and is found in several hypothalamic nuclei including the hypothalamic arcuate nucleus (ARC), the paraventricular hypothalamic nucleus (PVN), the peri-ventricular hypothalamic nucleus, the dorsomedial hypothalamic nucleus (DMH), the supraoptic nucleus (SON) of the hypothalamus, and the lateral hypothalamus. In contrast to galanin, cells producing GALP mRNA and protein are found only in the ARC, the median eminence and infundibular stalk, and the posterior pituitary of the rat [20, 31, 47, 78] , mouse [30] and primate [10] . GALP is also expressed at very low levels in the ovine hypothalamus [29, 88] and although GALP mRNA is detected in the human brain, its distribution remains to be determined [65] . GALP mRNA in the rat ARC is first detected at postnatal days 8-10 [37, 67] . The levels of GALP mRNA increase during weaning and the peripubertal period, reaching a maximum level between days 25-40 with no obvious sex differences observed at any age. During development, there is also no apparent change in GALP's distribution within the ARC.
Within the ARC of the rat, GALP is expressed in neurons that are located mostly in the posterior and periventricular zones (i.e. ventromedial ARC), extending from retrochiasmatic to premammillary regions (see Figure 2 ). The anatomical distribution of GALP-positive neurons in the ARC of mice varies slightly, with cells being found more laterally, ventrally and rostrally as compared to rats. Detailed electron microscopy studies show that GALPexpressing neurons in the ARC form complex synaptic relationships with both GALP immunopositive and immunonegative neurons [22] . GALP-expressing neurons in the rat ARC may be a target for the orexigenic neuropeptides orexin and neuropeptide Y (NPY). Morphological studies show that orexin-immunoreactive fibers appear to make contact with GALP-positive neurons in the rat ARC, and 9% of these neurons express orexin-1 receptor protein [79] . NPY-positive fibers also project onto GALP-expressing neurons [80] , that in the macaque express mRNA for NPY Y1 receptor [11] . These findings suggest that GALP may be a downstream target of orexin and NPY, although this is yet to be established.
In contrast to the neuronal expression in the ARC, cells expressing GALP in the posterior pituitary are pituicytes [20, 76] . Pituicytes are specialized astrocytes that are thought to modulate posterior pituitary hormone release by changing the amount of contact between axon terminals and fenestrated capillaries [25] . Thus pituicyte GALP may be involved in oxytocin and vasopressin release.
Expression of GALP mRNA and protein in the periphery
GALP-immunoreactivity (-ir) is also detected in blood, and this GALP-ir is thought to be able to enter the brain [35] . The pituicytes of the posterior pituitary may be a source of plasma GALP. GALP mRNA has also been detected in murine skin and thymus [74] . However, it is not known whether peripheral tissues can release GALP into the circulation, nor is the physiological relevance of circulating GALP understood. Thus, more detailed expression and function studies of GALP in the periphery are needed.
Phenotype and targets of GALP-expressing neurons
Several neuropeptides are expressed in the ARC, but GALP-positive cells may be an individual population of neurons, as these cells do not co-localize with NPY or somatostatin [78, 80] . However, Takenoya and colleagues [80] report that 3-12% of GALP neurons do contain α-melanocyte stimulating hormone (α-MSH), although this finding has not been supported by others [78] , and thus a more detailed analysis of the phenotype of GALP containing neurons is required.
GALP-containing neurons in the rat ARC send projections to various areas of the forebrain, such as the bed nucleus of the stria terminalis and the lateral septal nucleus. In addition, a large proportion of GALP-ir fibers project to several nuclei within the hypothalamus including the ARC, the PVN, the medial preoptic area (mPOA), the lateral hypothalamus, and the peri-ventricular hypothalamic nucleus [78, 80] . GALP-ir nerve fibers appear to innervate numerous neuronal phenotypes known to regulate feeding and reproduction. GALP-innervated neurons include-but are not limited to-dopaminergic neurons in the ARC [33] orexin-and melanin-concentrating hormone-positive neurons in the lateral hypothalamus [82] , and luteinizing hormone-releasing hormone (LHRH, also known as gonadotropin-releasing hormone, GnRH) expressing neurons in the mPOA [78, 81] . These observations provide anatomical evidence that these neurons may mediate some of the central actions of GALP.
Regulation of the GALP Gene in the CNS
The ARC is located in the ventral hypothalamus at a site that is unique, in that the ARC has a weak blood-brain-barrier. The ARC is therefore able to "monitor" blood constituents and alter the release of neuromodulators. Many of these neuromodulators are known to be involved in the regulation of reproduction and energy homeostasis. Thus GALP is located in a unique position in the ARC to be regulated by and respond to altered nutrients and/or metabolic hormones.
Metabolic hormones and fuels regulate the expression of GALP in the brain. Fasting is a negative metabolic state in which there is a sharp decline in blood levels of metabolic fuels (e.g. free fatty acids and glucose) and metabolic hormones (e.g. leptin and insulin). Accumulated evidence has demonstrated that GALP neurons are regulated by metabolic states [14, 16, 30, 31] . Fasting is known to reduce the expression of GALP mRNA in the ARC, and leptin treatment during a fast can reverse this effect [31] . Leptin-deficient ob/ob mice have profoundly reduced levels of GALP mRNA in the hypothalamus, but treating these animals centrally (intracerebroventricular; i.c.v.) with leptin completely restores the expression of GALP mRNA to the levels found in wild-type mice [30] . Rats and mice with dysfunctional leptin receptors (fa/fa and db/db, respectively) also have reduced expression of GALP mRNA [43, 71] . Moreover, in both the rat and macaque, virtually all GALPcontaining neurons in the ARC express the leptin receptor [10, 78] . These observations indicate that the expression of GALP mRNA is regulated by direct actions of leptin on GALP-containing neurons in the brain. Other studies have indicated that additional metabolic hormones, such as insulin, also regulate GALP gene expression.
Insulin regulates the expression of GALP mRNA. Rats with streptozotocin-induced Type I diabetes have greatly diminished expression of GALP mRNA in the ARC, which can be corrected with either insulin or leptin treatment [16] . In fact, the two hormones have an additive effect to increase GALP mRNA levels in diabetic male rats. In addition, the administration of insulin directly into the brain during a fast stimulates the expression of GALP mRNA, which indicates that insulin also acts directly in the CNS to induce the expression of GALP mRNA. Leptin and insulin share a common signaling pathway in neurons within the ARC (e.g. phosphatidylinositol 3-kinase [64] ), and it is conceivable that this common pathway is responsible for the similar actions of leptin and insulin on the expression of GALP mRNA [17] . The additive effects of insulin and leptin on GALP mRNA expression suggest that insulin may utilize other intracellular mechanisms, such as the Fox01 system, than does leptin to regulate GALP gene expression however this has not been clarified. Taken in concert, all of these studies demonstrate that metabolic hormones regulate GALP gene expression. Other data suggest that metabolic fuels also have the ability to regulate GALP mRNA, either directly or indirectly.
Circulating levels of metabolic fuels, such as glucose, are monitored by specialized neurons within the CNS. When rats are treated with a non-metabolically active form of glucose (2-Ddeoxyglucose; 2DG) they experience a perceived negative metabolic (hypoglycemic) state [51] . Neurons within the ARC respond by stimulating orexigenic neuropeptides and inhibiting anorexigenic neuropeptides, thus increasing food intake. The ARC compensation for hypoglycemic states is mediated by specialized noradrenergic (NA) neurons in the hindbrain that are specifically glucoresponsive [15, 39, 68, 69] . In hypoglycemic states, hindbrain NA neurons increase signaling to the ARC (among other areas) and induce the aforementioned changes in neuropeptides. GALP mRNA within the ARC is significantly reduced when animals are treated with 2DG [14] . Furthermore, evidence shows that this 2DG effect on GALP neurons is dependant upon the hindbrain glucoresponsive NA neurons [14] . Thus GALP gene expression is regulated not only by metabolic hormones, but also by circulating levels of glucose. The question then becomes whether GALP is also regulated by other traditional modulators of ARC neuropeptides, such as steroid hormones.
Thyroid steroid hormones also influence the expression of GALP mRNA. Reduced circulating concentrations of thyroid hormones (caused by thyroidectomy) decrease hypothalamic levels of GALP mRNA, and replacement of thyroxine in thyroidectomized rats partially reverses this effect [9] . In addition, GALP delivered directly into the brain reduces the secretion of thyroid stimulating hormone [9] , again indicating that GALP plays a role in the neuroendocrine regulation of the hypothalamo-pituitary-thyroid axis, further evidence that GALP regulates energy homeostasis. Some observations have also been made that GALP gene expression can be altered in response to other stimuli.
Evidence does suggest that GALP mRNA is increased in the ARC and pituitary in response to inflammatory stimuli [72, 73] . Furthermore, GALP mRNA levels in the pituitary, but not the ARC, are altered in response to osmotic stimuli, suggesting regulation of antidiuretic hormone (ADH) release by GALP within the pituitary [20, 38, 73, 76] . If GALP expressed in the pituitary is subsequently released into the circulation then alterations of pituitary GALP gene expression may alter circulating levels of GALP-ir. Kastin et al [35] demonstrated that fasting reduces peripheral GALP entry into the brain. However, the behavioral or physiological significance of this phenomenon has yet to be determined. It is important to note, however, that the expression of GALP in either the pituitary or the ARC is not regulated by circulating concentrations of glucocorticoids, sex steroids or growth hormone [9] ; rather, ARC GALP's gene expression appears to be influenced solely by factors that reflect metabolic state. Figure 3 shows a schematic of factors that influence GALP gene expression in the ARC.
Central Actions of GALP
The expression of GALP in the ARC and pituitary is regulated by a number of factors including hormones such as leptin and insulin, and metabolic and osmotic challenges. These observations suggest a role for GALP in the central regulation of metabolism, reproduction and fluid intake. Although expression of GALP in the pituitary changes in response to an osmotic stimulus [20, 38, 73, 76] , a direct action of GALP on fluid intake in vivo is yet to be determined, and to date the strongest evidence for central actions of GALP is in the regulation of metabolism and reproduction.
a) The effect of GALP on feeding, body weight and metabolism GALP is regulated by changes in metabolic status (e.g. during fasting or leptin administration), thus a role for GALP in feeding and metabolism was proposed. There is now considerable evidence demonstrating that central administration of GALP has potent effects on food intake and body weight in rodents, although these actions are complex and are both species-and time-dependent. GALP was initially described as an orexigenic neuropepide since i.c.v. injection in rats acutely stimulates feeding (over 1 hour; [60] ). Administration of GALP directly into the mPOA, PVN and DMH also increases food intake acutely at 1-2 hours, although for the PVN and DMH these effects are not seen consistently [44, 66, 75] . However, when rats are studied 24 hours after central administration of GALP, a decrease in food intake and body weight is observed [41, 48, 49] . These anorexigenic actions of GALP are also seen 24 hours after i.c.v. injection of GALP in mice [36, 41, 42, 55] . In contrast, the orexigenic effect of GALP observed in rats is species dependent as GALP does not acutely stimulate feeding in mice [41, 55] . The receptor responsible for the orexigenic actions of GALP in rats may be GalR1, as agonists for this receptor stimulate feeding in rats ( [87] . In contrast, GalR2 and GalR3 are unlikely to be involved in the appetite stimulatory effect of GALP, as GalR2 and GalR2/3 preferring agonists (galanin 2-29 and AR-M1896 respectively), have no effect on food intake (at 1 h) in rats [56, 75, 87] In C57BL/6 mice, central administration of GALP induces only transient reductions in food intake and body weight, as significant differences are observed only at 24 hours after the onset of chronic treatment with GALP (twice-daily injection for 4 days) [41] . In contrast, in leptin-deficient obese (ob/ob) mice, chronic administration of GALP for 14 days produces prolonged reductions in food intake and body weight [24] . Furthermore, the orexigenic effects of GALP are exacerbated in rats made obese after 12-weeks maintenance on a highfat diet [83] . The increase in sensitivity to GALP in ob/ob mice may be due to an upregulation in the number of galanin receptors (that may mediate GALP's effects) in response to the reduction in GALP mRNA in the ARC of ob/ob mice [30] . Changes in GALP mRNA in the ARC have also been detected in rats fed a high-fat diet for 6 weeks. Whether these changes in GALP expression explain the enhanced responsiveness of diet-induced obese rats to GALP remains to be clarified, as GALP expression increases after a diet high in polyunsaturated fats while a diet high in saturated fats has no effect [13] .
GALP administration in ob/ob mice leads to a greater reduction in body weight compared to vehicle-injected pair-fed mice [24] . This finding suggests that the loss of body weight after central administration of GALP in rodents is not due to a reduction in energy (food) intake alone, but that in addition, GALP may also affect energy expenditure. In support, central administration of GALP increases metabolic rate in rats, as measured by oxygen consumption [67] . Furthermore, i.c.v. injection of GALP in rats induces a rapid and prolonged (over 8 hours) increase in core body temperature that is mediated by prostaglandins [48] . An increase in body temperature is also observed in ob/ob mice after 14 days chronic treatment with GALP [24] . However, after acute GALP treatment in mice, a transient drop in body temperature is observed before a period of hyperthermia that lasts for approximately 8 hours after injection [55] . These effects of GALP on metabolism and body temperature may be due to activation of sympathetic nervous system as GALP administration to ob/ob mice increases the expression of uncoupling protein 1 (UCP-1) in brown adipose tissue [24] .
The hypothesis that GALP has a physiological role in the regulation of metabolism has recently been tested. Mice deficient in GALP show no differences in body weight, feeding and temperature compared to control mice when maintained on a normal diet. However, GALP-deficient mice eat a reduced amount of food after a fast and gain less weight on a high-fat diet compared to control mice [12] . These data suggest that GALP signaling is not essential for the regulation of metabolism and energy homeostasis under normal dietary conditions, but GALP may be involved in the response to a metabolic challenge, such as during a fast or high-fat feeding.
Mechanisms of GALPs actions on feeding--orexigenic effects-Central
administration of GALP induces a distinct pattern of cell activation in the rat brain. GALP administered i.c.v. increases fos protein expression in the SON, the parenchyma surrounding the peri-ventricular regions, the ependymal cells of the ventricles, and in the mPOA, the lateral hypothalamus, the DMH, and the nucleus tractus solitarius (NTS) of the brainstem [18, 49, 59] . However, in contrast to the rat, i.c.v. injection of GALP in mice fails to stimulate fos expression in the lateral hypothalamus and DMH and fos is observed only in the periventricular regions, the meninges and the ependymal cells of the ventricles [56] . The lateral hypothalamus and DMH play important roles in the regulation of energy balance, and evidence suggests that GALP can acutely promote feeding in the rat via activation of orexigenic neurons (NPY and orexin) in these brain regions.
When administered i.c.v. in rats, GALP increases fos expression in NPY-containing neurons of the DMH [44] and it stimulates the release of NPY from hypothalamic explants in vitro [75] . As GALP injection directly into the DMH stimulates food intake (over 2 h) in rats [44] , these findings suggest that GALP increases food intake via NPY release in the DMH. In support, blocking the actions of NPY inhibits the acute orexigenic effect of GALP in rats [44] .
Morphological evidence for a relationship between GALP-positive fibers and orexincontaining neurons in the lateral hypothalamus has also been established [82] . A functional link for orexin in GALP's actions is supported by the evidence that central administration of GALP activates orexin neurons in the lateral hypothalamus, and immunosuppression of endogenous orexin attenuates GALP-induced feeding at 1 hour in rats [32] . However, in contrast to the DMH, GALP injections into the lateral hypothalamus do not stimulate feeding in rats [44, 66] and therefore it is unlikely that GALP has direct actions on orexin neurons in this area. Thus, in summary, the orexigenic actions of GALP in rats may be partially due to the action of NPY and orexin in the DMH and lateral hypothalamus, respectively. Furthermore, as GALP fails to activate the DMH and lateral hypothalamus in mice, this may account for the lack of an orexigenic response to GALP in this species [56] . Direct injections of GALP into the mPOA of the rat also stimulate food intake (over 1 h), leading to the possibility that the mPOA may too play a crucial role in mediating the effects of GALP [66] .
Mechanisms of GALPs actions on feeding--anorexigenic effects-As discussed
above, evidence suggests that the acute orexigenic actions of GALP in rats may be mediated by NPY, orexin and dopamine (see below) acting within the hypothalamus. However, GALP has dichotomous actions on feeding, in that 24h after central administration of GALP a decrease in food intake and body weight, accompanied by a rise in body temperature is observed in rats and mice. These actions of GALP are reminiscent of those observed during infection or in response to an inflammatory stimulus. Interestingly, GALP expression is increased in response to acute and chronic inflammatory stimuli. Increases in GALP mRNA in the ARC and pituitary are observed after peripheral injection of the endotoxin lipopolysacchardie (LPS; [72, 73] ). LPS is a component of gram-negative bacteria cell walls, and is a potent inducer of the acute inflammatory response. Like GALP, peripheral or central administration of LPS to rodents causes anorexia, body weight loss and fever (a prostaglandin-dependent rise in body temperature; [61] ). LPS stimulates the expression of pro-inflammatory mediators in the brain such as interleukin-1 (IL-1; [86] , [40] ), and the actions of LPS on feeding and body temperature are partially mediated by this cytokine [50, 54, 62] . Central administration of GALP also increases the expression of IL-1α and IL-1β protein in the brains of rats and mice within macrophages of the meninges and choroid plexus, as well as within microglia located in the periventricular (e.g. hypothalamic) regions [57, 58] . These IL-1-expressing microglia cells are in close proximity to hypothalamic periventricular astrocytes that are activated in response to GALP [49] and these pituicytes also express cycloxygenase, an enzyme responsible for the synthesis of prostaglandins.
Similar to LPS, the anorectic and febrile actions of GALP in rats and mice are mediated by IL-1 [58] . The alterations in food intake, body weight, and core body temperature in response to GALP in rats are attenuated by central administration of the IL-1 receptor antagonist (IL-1RA). Furthermore, mice deficient in IL-1β, IL-1α/β or the IL-1 type I receptor (IL-1RI) are partially or fully resistant to the anorectic and febrile actions of GALP. However, the acute orexigenic action of GALP observed at 1 hour in rats is not mediated by IL-1, as rats treated i.c.v. with both IL-1RA and GALP consume the same amount of food as rats treated with GALP alone [58] . These data demonstrate that IL-1α and IL-1β mediate the anorectic and febrile actions of GALP via IL-1RI in rats and mice.
b) The effect of GALP on reproduction
Takatsu et al [78] first mapped the distribution of GALP cell bodies and fibers throughout the hypothalamus. Their report showed a dense population of GALP-ir fibers throughout the mPOA, an area known to regulate feeding and reproduction. Follow-up studies demonstrated that GALP-ir fibers are in close contact with GnRH cell bodies in the diagonal band of Broca (DBB) and the mPOA [59] . Matsumoto et al [59] further went on to demonstrate that i.c.v. GALP stimulates an increase in LH secretion in intact male rats. Further studies by Cunningham et al in the macaque [11] showed that not only does i.c.v. GALP stimulate LH secretion, but GALP specifically stimulates GnRH-mediated LH secretion. Thus GALP appears to stimulate GnRH release into the pituitary portal blood that subsequently increases gonadotropin secretion. The hypothesis that GALP acts on GnRH release is further supported by the observation that GALP-ir fibers are found in the internal, but not external, zone of the median eminence [78] . Thus, GALP does not appear to be a hyperphysiotropic agent, but rather GALP regulates GnRH release. Three independent studies [18, 49, 59] demonstrated that i.c.v. GALP stimulates fos in numerous brain areas (eg. The DBB and mPOA) that regulate GnRH release as well as behavioral aspects of reproduction in male rats.
While performing the fos induction study [18] , it was observed that i.c.v. GALP-injected rats exhibited an excessive amount of genital grooming compared to control animals. This observation combined with the aforementioned GALP-elicited fos induction in the mPOA, led to the hypothesis that i.c.v. GALP may also stimulate male sex behavior. To test this hypothesis, male sexual behaviors were analyzed following i.c.v. injections of either GALP or vehicle. It was observed that i.c.v. GALP significantly-and profoundly-stimulated male sex behaviors [19, 36] . Interestingly, GALP was able to significantly increase both male sex behaviors and LH secretion in both intact and castrated male rats [19] . Furthermore, reports demonstrated that i.c.v. GALP infusion could restore LH secretion and male sex behaviors in rats with uncontrolled Type I diabetes [77] . In fact, i.c.v. GALP was able to restore these reproductive variables similarly to male rats with Type I diabetes given insulin and leptin replacement therapy. Thus, it appears that-in at least male rats-GALP stimulates both hormonal and behavioral reproduction independent of the male's testosterone milieu. GALP gene expression is regulated by insulin, leptin, and blood glucose levels and central GALP actions stimulate hormonal and behavioral reproduction in male rats-even in the absence of metabolic signals. Thus, it appears that GALP is an intermediary between metabolic signals and reproductive status in males. Since the onset of puberty is so tightly regulated by metabolic status, it was then hypothesized that GALP played a role in the timing of the onset of puberty.
To determine if GALP is involved in the timing of the onset of puberty, prepubertal male and female rats were given a constant i.c.v. infusion of GALP or vehicle [67] . Although GALP did not significantly alter the timing of the onset of puberty, GALP did increase LH secretion, feeding, metabolic rate and growth hormone secretion in male-but not femalerats. Thus, in rats it appears that GALP does not influence the timing of the onset of puberty but GALP does have sex-dependant regulatory effects on physiological changes associated with puberty [67] . Sex differences in the actions of GALP in prepubertal rats have also been demonstrated by other investigators [5] . Since GALP is known to "normalize" feeding and reproduction in rats and mice placed in negative metabolic states, in follow-up studies, researchers restricted food intake in prepubertal male and female rats to a level that is known to prevent the onset of puberty. GALP infusion in these studies showed that i.c.v. GALP could restore the onset of puberty, LH secretion, feeding and metabolic rate in male-but not female-rats [63] . Furthermore, these studies showed that i.c.v. GALP stimulates kiss1 gene expression in the ARC [63] . Kisspeptin expression in the ARC is known to be causal to, and obligatory for, the onset of puberty [34] . These data suggest a functional relationship between GALP and kisspeptin systems; however, putative interactions between GALP and kisspeptin still need to be fully explored. Regardless of potential kisspeptin involvement, GALP like leptin [6] , has a gating effect on the onset of puberty but does not in and of itself stimulate the onset of puberty. These data have an apparent contradiction to recent observations that GALP knockout mice are fertile [12] . However, the lack of phenotype in knockout systems does not negate the importance of said neuropeptide. Furthermore, other neuropeptide knockouts have shown to exhibit minimal or lack of altered phenotypes due to developmental compensatory mechanisms-for example, those observed in NPY systems [21, 52] . The fact that GALP is a downstream target of leptin may diminish initial enthusiasm for its role in mediating the metabolic control of reproduction. Recently, melanin-concentrating hormone was shown to also play a role in this system [90] ; however, other leptin targets such as NPY, pro-opiomelanocortin (POMC), and galanin among others have not. These observations further support the concept that GALP is an important intermediary between metabolic status and the maintenance of the reproductive system. It is also interesting to note that once again there appears to be a sex difference in GALP's actions on regulating the onset of puberty that is dependant upon metabolic status. Explanations of these observations could include that perhaps, unlike the male, GALP effects in females may be gonadal steroid dependant. One possible explanation is that despite limited evidence [8] to the contrary, GALP neurons are regulated by gonadal steroids, such as estrogen. To date, no one has demonstrated either the presence or lack of presence of gonadal steroid receptors in GALP neurons. Alternatively, GALP's primary target sites for effects on reproduction are themselves, sexually dimorphic. Possible neural mechanisms for GALP's actions on reproduction and feeding will be discussed below.
Mechanisms of GALP's actions on reproduction-In male rats, central injections of
GALP have been shown to increase LH release and to activate fos expression throughout the diencephalon, including the mPOA [18, 49] ). Central administration of GALP is known to stimulate GnRH-mediated LH secretion, food intake, and male-typical sexual behaviors, and many of these actions appear to be mediated via the mPOA [18, 19, 59, 66] . Furthermore in castrated males rats, i.c.v. administration of GALP stimulates sexual behaviors; however, GALP was not able to stimulate the ejaculatory response in these animals [19] . This characteristic of restoring mounts and intromissions, but not ejaculatory behaviors in castrated male rats is reminiscent of dopaminergic effects in the mPOA reported by others [3, 4, 26, 27] . Dopaminergic (DA) neurons within the anteroventral-periventricular nucleus (AVPV, incertohypothalamic system) project to the areas of the hypothalamus known to influence male-typical sexual behaviors (for review see [53] ). In a recent study, Taylor et al [85] specifically eliminated dopaminergic afferents to the mPOA-presumably arising from the AVPV-and tested whether i.c.v. GALP could elicit its stimulatory effects on feeding and reproductive behaviors in male rats. It was reported that following the loss of DA input to the mPOA, i.c.v. GALP could still elicit a significant increase in LH secretion. However, i.c.v. GALP could no longer alter food intake or increase sex behavior in DA-lesioned rats compared to controls. The authors concluded that either the AVPV DA pathways are parallel to and obligatory for GALP's effects on sex behaviors, or that the DA neurons are downstream targets of GALP neurons [85] . However, i.c.v. GALP was still able to significantly reduce body weight after 24 hrs in DA-lesioned rats similar to that reported previously by several labs [36, 41, 42, 48, 49, 55] . These observations further support the hypothesis that GALP's effects to stimulate feeding and sex behavior are dependant upon hypothalamic dopamine neurons. However, this putative neuroendocrine pathway does not explain the known anorexigenic effects of i.c.v. GALP and the increase body temperature and metabolic rate. Figure 4 shows a schematic of the potential neuroendocrine interactions of GALP neurons with other regions and neuronal phenotypes within the diencephalon.
Evidence for GALP-specific Receptors
As stated above, GALP was originally identified as a potential endogenous ligand for the galanin receptors. In fact, GALP was originally shown to bind to and activate two of the galanin receptors, GalR1 and GalR2, in vitro and later, the GalR3 receptor in vivo [45] . However, there is controversy as to whether or not GALP acts through the galanin receptors in vivo. Both galanin and GALP act centrally to regulate energy homeostatic and reproductive systems. Although there is some similarity in function (e.g. stimulation of gonadotropin secretion and orexigenic effects in rats) there are also drastically opposing actions between the two peptides (e.g. GALP stimulates metabolic rate while galanin inhibits, GALP stimulates male sex behavior while galanin inhibits, GALP is anorexigenic in all species examined while galanin is only orexigenic). All of these actions of GALP are discussed in detail above. To investigate whether GALP requires the presence of the GalR1 and GalR2 receptors, Krasnow et al [42] tested the effects of exogenous GALP in galanin receptor knock-out mice. This report demonstrated that GALP had all of its functions in mice even in the absence of the GalR1 or GalR2 receptors as well as in the absence of both receptors. Furthermore, this study demonstrated that short fragments of the GALP peptideincluding the galanin-related fragment-could not elicit GALP-specific effects in vivo. Thus, these authors concluded that endogenous GALP effects are not dependant upon either GalR1 or GalR2 receptors [42] . Another study tested GALP's effects on GalR2/R3 receptors in mice and rats [55] and concluded that GALP's effects are unlikely due to endogenous activation of either the GalR2 or GalR3 receptors. Though it is quite possible that GALP may have the ability to act through the three known galanin receptors, there is ample evidence to suggest that GALP may have its own, unique receptor. However, the identity of this receptor has yet to be determined.
Summary and Conclusion
The discovery of GALP has renewed interest and excitement in the galanin family of peptides. Galanin has long been known to influence many behavioral and physiological systems including energy homeostasis and reproduction. GALP is also involved in many of these systems, but appears to be a focal regulatory component of the interaction between metabolism and reproduction. GALP is a unique peptide compared to galanin in that GALP is only produced in one area of the CNS-namely the ARC-and the GALP gene is predominately regulated by metabolic signals. Furthermore, GALP itself appears to have a primary function in the regulation of energy homeostasis and reproduction. Thus, GALP appears to be a very important mediator between nutritional status and reproductive viability. A comparison of evolutionary relatedness between GALP and galanin. A) an example of the sequence alignment among galanin (top) and GALP (bottom) that demonstrates the higher degree of nucleotide substitution in GALP compared to galanin. Different colors in a column indicate nucleotide changes. B) Phylogenetic trees for galanin (black) and GALP (blue) from PAUP analyses of mean pairwise distances among aligned nucleotides. The numbers next to each arm indicate total number of changes to produce that clade. C). Nonparametric analyses revealed that GALP had a significantly (p < 0.05) higher PAUP value, indicating a greater rate of nucleotide substitutions compared to galanin. Distribution of GALP in the brain. A) schematic diagram of the distribution of GALP mRNA-containing cells in the rat and mouse, B) in situ hybridization for GALP mRNA in the rat, C) in situ hybridization for GALP mRNA in the mouse, D) schematic diagram of the distribution of GALP mRNA-containing cells in the monkey, E) in situ hybridization for GALP mRNA in the monkey. Factors that may influence hypothalamic GALP neurons. A schematic diagram that illustrates known and putative (question marks) regulators of GALP neuronal gene expression and/or neuronal activity. CA = catecholamine, 5HT = serotonin. GALP innervates other diencephalic systems that regulate reproduction and energy homeostasis. A schematic diagram that illustrates the targets of hypothalamic GALP neurons and the targets' phenotypes.
